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Abstract 
A simplified grillage beam analogy was performed to investigate the behaviour of railway 
turnout sleeper system with a low value of elastic modulus on different support moduli. This 
study aimed at determining an optimum modulus of elasticity for an alternative fibre 
composite sleeper for turnout application. The numerical simulation suggests that the changes 
in modulus of elasticity of sleeper, Esleeper and the sleeper support modulus, Us have a 
significant influence on the behaviour of turnout sleepers. The increase in Us from 10 to 40 
MPa resulted in a 15% reduction in the bending moment while the increase in Esleeper from 1 
GPa to 10 GPa has resulted in almost 75% increase in the bending moment. The shear forces 
in turnout sleepers is not sensitive to both the changes of the Esleeper and Us while the sleeper 
with low Esleeper tend to undergo greater settlement into the ballast. An Esleeper of 4 GPa was 
found optimal for an alternative fibre composite turnout sleeper provided that the Us is at 
least 20 MPa from the consideration of sleeper ballast pressure and maximum vertical 
deflection. It was established that the turnout sleeper has a maximum bending moment of 19 
kN-m and a shear force of 158 kN under service conditions. 
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1. Introduction 
Hardwood has been the preferred material for railway sleepers and maintenance work on 
existing timber sleeper track is continued to be provided by hardwoods [1]. In recent years, 
hardwood timber for railway sleepers is becoming more expensive, less available and is of 
inferior quality compared to the timber previously available. This problem has resulted in 
most railway industries searching for alternative materials for replacing timber sleepers. A 
review conducted by Manalo et al. [2] suggested that the advantages of hardwood timber 
sleeper can be simulated using fibre composite materials with the added advantages. 
Furthermore, fibre composites could be a more competitive sleeper material in specific 
application such as railway turnout as it has been increasingly difficult to get larger, longer 
and good quality hardwood timber. As the design of structures using fibre composite 
materials has been driven by the stiffness requirement rather than strength [3] and the cost of 
fibre composites are relatively higher than the traditional materials like timber, steel and 
concrete, it is important to ascertain the optimum stiffness of a fibre composite alternative 
suitable for turnout application. Such an investigation is very important to arrive at the best 
possible sleeper section that will satisfy both strength and serviceability requirements. 
Turnout is a part of the railway where track crosses one another at an angle to divert a 
train from the original track [4]. Special sleepers laid on a turnout are called turnout sleepers 
[5]. A turnout consists of individual sleepers with varying lengths and fastening locations [6]. 
Because of the special nature of the turnout sleepers, their manufacturing procedure is 
different from that of the mainline sleepers which makes their maintenance more costly. The 
turnout sleepers are also produced with larger dimensions than the mainline sleepers to cope 
with the complex loadings due to the crossing of the train. It is important therefore to 
understand how the turnout sleepers respond to these forces to efficiently design an 
alternative sleeper from fibre composite materials. However, the complex structure of a 
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railway turnout system makes the analysis of the behaviour of the turnout sleepers more 
complicated than the mainline sleepers. 
Several researchers have analysed the railway track as a beam on elastic foundation 
and their results showed a very good agreement between the theoretical and the experimental 
results [7]. Kohoutek [8] analysed the railway sleeper as a longitudinal beam resting on an 
elastic foundation which is loaded by a pair of equivalent static load representing the train. In 
such a model, the contribution of the rail and the adjacent sleepers is represented by a 
distribution factor which is applied to the wheel load to determine the equivalent static load. 
This distribution factor is based on the type of rail gauge and the spacing of the sleepers [9]. 
The investigation conducted by Shahin [10] concluded that a 3-dimensional finite element 
analysis rather than a 2-dimensional simulation is a more accurate method to investigate the 
behaviour of a ballasted railway foundation, but the higher number of elements using this 
method greatly increased the computational effort. A 2-D beam model which further accounts 
for variation of subgrade within the length of individual sleeper was developed by Kohoutek 
and Campbell [11]. This model, which statically analyses the sleeper on elastic foundation, 
has the possibility to investigate different lengths, different ballast moduli or different parts of 
the sleepers with different sectional properties.  
Shokreih and Rahmat [12] investigated the effects of Young’s modulus on the response 
of railway sleepers as there are many materials being used for railway sleepers. In their work, 
sleepers were modelled as beams on Winkler’s elastic foundation with a constant foundation 
modulus. The results showed that when the modulus of the beam is higher than that of the 
foundation, changing Young’s modulus of the beam has little effects on the response of the 
sleepers but has considerable effects for lower modulus. Similarly, Shahu et al. [13] indicated 
that sleeper support modulus can change dramatically with track construction and this 
variation can have greater influence on the behaviour of sleepers. Further investigation 
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conducted by Ticoalu [14] showed that using higher support modulus will create smaller rail 
seat bending moment on the turnout sleepers. These studies have shown that the analysis of 
beams on elastic foundation has been employed extensively and has been found to be 
appropriate for analysing railway structures. The results of these studies have also indicated 
that the bending rigidity and the sleeper support modulus directly influence the behaviour of 
railway sleepers. However, the finite element analyses of the abovementioned studies are 
implemented using only a single railway sleeper. The presence of at least two sets of 
continuous rails which connects the sleepers makes the inclusion of the entire turnout 
essential in the analysis. For this reason, the behaviour of turnout sleepers should be 
determined for a group of sleepers instead of a single sleeper, as the contribution of the 
neighbouring sleepers should be taken into account due to the joining effects of the rails. 
In this study, a simple and rational structural model which considers the rail, sleeper, 
ballast, and subgrade in a railway turnout system is developed. The model also considers the 
effect of the adjacent sleepers on the behaviour of turnout sleepers through the rails secured 
to the sleepers. Subsequently, the response of the sleepers due to wheel load of a train passing 
in a railway turnout is investigated. The behaviour of sleepers with different moduli of 
elasticity and the influences of changes in the support modulus in the performance of turnout 
sleepers are analysed. Furthermore, the effect on the behaviour of timber turnout sleepers 
when one of the sleepers is replaced with a fibre composite sleeper to simulate the spot 
replacement maintenance strategy is investigated. The result of this parametric investigation 
could lead to an optimised section for an alternative composite sleeper in a railway turnout. 
 
2. Theoretical model for railway turnout 
A railway turnout consists of a number of sleepers and rails acting together. Thus, the AS 
1085.14 [6] suggests that the turnout sleepers can be analysed by a more complex grillage 
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model. However, there has been no reported study on the use of such a model to analyse a 
railway turnout in the literature. The commonly available literature on grillage system is on 
the analysis of slabs, foundations and complex bridge structures. Tan et al. [15] introduced 
the grillage analysis method for vehicle-bridge interactions to study the dynamic effects of a 
moving vehicle on bridge structures. The bridge structure is modelled as a grillage assembly 
consisting of several longitudinal girder members and transverse beam elements. The results 
of their analyses showed that the grillage beam simulations represented the response of the 
whole bridge structure under moving loads with satisfactory accuracy. In another study, 
Eamon and Nowak [16] combined the grillage model of the bridge deck with solid elements 
to analyse the resisting effect of the secondary elements such as diaphragms, barriers and 
sidewalks on the load carrying capacity of the bridge structural system. The ultimate capacity 
predictions based on the simplified grillage model were found to be within 3-6% of the more 
detailed finite element models but with significantly reduced solution time. Furthermore, 
Fujikubo [17] used a sandwich-grillage model to analyse the linear and nonlinear hydroelastic 
response of very large floating structures. In his model, the top and bottom deck plates of the 
floating structures are modelled by rectangular membrane elements, while the bulkheads are 
modelled by beam elements. The results of his analyses showed that the grillage analogy is 
effective for the stress analysis of detailed structures or for the progressive collapse analysis 
of global structures. More recently, Al-Saidy et al. [18] investigated the effect of damaged 
steel girder on the overall behaviour of short span composite bridge system using the grillage 
method of analysis. The results of their analyses showed that the grillage model using 
STAAD III structural analysis software provided  results comparable with those from a more 
accurate three-dimensional finite element analysis.  
The abovementioned studies showed that the grillage beam system has been used 
extensively by several researchers to analyse complex structures because of its simplicity. 
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Thus, a similar model was developed in this study using Strand7 finite element software 
package [19] to investigate the effect of various parameters on the behaviour of sleepers in a 
railway turnout. The railway turnout track system is modelled as a grillage beam system 
consisting of simple beams and beams on an elastic foundation. 
 
3. Railway turnout geometry 
A standard 1 in 16 right-hand turnout geometry consistent with the existing Australian 
railway using 60 kg/m rail and a narrow gauge rail line (1067 mm) commonly used in 
Queensland, Australia is considered [20]. Distance between rail centres is taken as 1137 mm 
and the spacing of sleepers is 600 mm on centres. Sleeper dimensions were set at 230 mm x 
150 mm in consideration of the replacement of deteriorating timber turnout sleepers [21]. The 
typical range of sleeper support modulus, Us is taken as approximately 10 to 40 MPa [6, 9]. A 
combined vertical design load factor, j (including quasi-static and dynamic) as large as 2.5 is 
used as recommended by AS1085.14 [6] to account for the dynamic affects of travel speed 
combined with track and wheel irregularities. The recommendation from the AS2758.7 [22] 
for the maximum contact pressure at the sleeper-ballast interface of 750 kPa was also 
adopted. Table 1 details the components of the track structure and Fig. 1 shows the schematic 
diagram for a turnout sleeper. After consulting with railway industry partners, a loading 
configuration shown in Fig. 2 was adopted. In this figure, R1 represents the rail seat load at 
the middle wheel set while R2 corresponds to the front and the rear wheel sets. This loading 
pattern simulates an axle load of 25 tonnes for a typical heavy axle load common in most 
Australian railway lines. These 3 sets of wheel load are moved through the turnout trucks to 
determine the location of the most critical sleepers. 
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4. Finite element model of the railway turnout 
A simplified three dimensional grillage model consisting of longitudinal and transverse beam 
elements has been developed to analyse the behaviour of railway turnout structure. The 
model consists of the rails, sleeper plates, sleepers, ballast, and subgrade. The finite element 
model considers the rails as long beams continuously supported by equally spaced sleepers. 
The model consists of a total of 107 sleepers including 10 transition sleepers before the 
switch and after the longest sleeper as shown in Fig. 3. The transition sleepers are provided to 
ensure that the wheel load is sufficiently distributed over several sleepers when the train 
enters and leaves the turnout. Sadeghi [23] suggested that the effects of wheel loads are 
negligible for sleepers located more than 5 m or 10 sleepers away from the load points. The 
sleepers are laid perpendicular to the through tracks with increasing lengths from the switch 
until two standard length sleepers could be placed under the through and divergent tracks. In 
the model, the sleeper ends have lengths of 0.58 m. The overall length of the modelled track 
is 61.8 m with sleeper lengths varying from 2.3 m to 4.1 m. 
Strand 7 [19] finite element program is used to model the railway turnout system. The 
rails and the sleepers are modelled as a grillage beam system with the sleepers resting on an 
elastic foundation (Fig. 4). The guard and check rails are omitted to further simplify the 
modelling procedure. The turnout model is assumed to be in a flat terrain and the effect of 
irregularities on the track and wheels and the dynamic effect are assumed to be represented 
by the dynamic load factor. The beams are subdivided into reasonable number of elements to 
achieve more accurate results. A total of 1339 Beam2 elements and 1046 nodes representing 
the rails, sleeper plates and sleepers were used in the turnout model. The model uses one 
beam element for the rail per sleeper bay and (nr+1) beam elements for the sleeper, where nr 
is the number of rails supported by the sleepers. As the exact cross-section of the 60 kg/m 
steel rail [24] cannot be defined in Strand7 using only 2D beam element, an approximate steel 
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I-section with an almost equivalent moment and torsional inertia was used for the rail. Table 
2 lists the section properties of the 60 kg/m steel rail. The assigned cross-section to the switch 
blades is similar to that of the standard rails. The sleepers were considered isotropic beams 
with a homogenous cross section. The sleepers are identified by numbering them from 1 to 
107 starting from the front of the model as shown in Fig. 3. 
In the model, the centroids of the rail and sleepers are offset with a distance equal to 
the sum of half their depths as shown in Fig. 5a. The beam elements were used to connect the 
rail and the sleepers, which were placed at the level of their respective centroids (Fig. 5b). 
These beam elements are modelled with an axial stiffness of 310 x 10
6
 N/mm in compression 
which is equivalent to that of the 19 mm thick double shoulder level base rolled-steel sleeper 
plate used for 146 mm rail base [25]. In tension, the beam elements are modelled with an 
axial stiffness of 130 x 10
3
 N/mm equivalent to the static vertical stiffness of timber screw 
spikes [26]. Only the equivalent static wheel load acting on the vertical direction is 
considered with no lateral and longitudinal loads. The 3 sets of wheel load shown in Fig. 2 
were applied directly to the rails. The support provided by the ballast and subgrade is 
modelled as an elastic foundation with a combined effective support modulus using Winkler 
foundation model [27] in Strand7. Dahlberg [28] suggested that this model is acceptable for 
static loading of railway track on soft support, like tracks with timber sleepers. In this model, 
the element formulation for beam on elastic foundation is based on thin beam theory where 
transverse shear deformation is ignored. This model also assumed that the reaction of the 
foundation is linearly proportional to the lateral deflection of the beam. 
  
5. Parametric study 
A parametric study was conducted to determine the behaviour of sleepers in a railway turnout 
with varying elastic modulus resting on materials with different sleeper support moduli. The 
9 
axle load configuration in Fig. 2 was placed on sleepers 1 to 107 simulating the passing of the 
train to determine the location of the equivalent static wheel load that will cause the 
maximum bending moments, shear forces and vertical deflection on the sleepers. 
 
5.1 Equivalent quasi-static wheel load 
The AS 1085.14 [6] states that the distribution of axle loads on the turnout could be 
determined using the same method used for standard sleepers. Similarly, a number of 
analytical models developed around the world represents the vehicle by a single bogie with 
two symmetrical wheel masses [29]. The magnitude of this equivalent static force transmitted 
through the wheel load of a train is calculated following the procedures suggested in 
AS1085.14 [6] and the impact force caused by the train passing through the turnout is 
considered by the vertical design load factor. 
In the AS1085.14, the axle or vertical load P, is a significant factor in the calculation 
of the design load for sleeper design. In this study, 25 tonnes axle load is used. The 
magnitude of the equivalent design static wheel load, Q (in kN) carried by each rail is 
computed as: 
Q = (P/2) x 9.81     (1) 
Rail seat load, R is calculated as a function of the design static wheel load, the combined 
vertical design load factor (j) and the axle load distribution factor (DF) which corresponds to 
rail section and sleeper spacing. This gives: 
R = jQ(DF)      (2) 
The wheel impact load has been simplified as quasi-static load in order to evaluate the 
response of sleepers due to the passing of a train in a turnout. A combined vertical design 
load factor, j of 2.5 is applied to the rail seat load, R1 while a vertical load factor of 1.5 is 
applied on the front and the rear seat loads, R2. In the calculation of rail seat load for the FE 
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model of the railway turnout, a distribution factor of 1 is used as the axle load is distributed to 
the sleepers through the continuous rails. This has resulted in an equivalent quasi-static wheel 
load of around 310 kN for R1 and 185 kN for R2. It is important to note that the quasi-static 
load of 310 kN is comparable to the highest impact force observed by Leong [30] in the 
actual railhead from passing train with 26 to 28-tonne axle loads. This wheel load was moved 
along the turnout (beginning at sleeper number 1 up to sleeper number 107) to investigate the 
influence of wheel load as it travels through the turnout and to determine the location of the 
most critical sleepers. 
 
5.2 Sleeper support modulus, Us 
Sleepers have an important role of distributing the load from rails to the ballast [12]. The 
ballast then transmits the load to the subgrade and elastically absorbs the deformations 
induced by the sleepers. The modulus of the ballast and the subgrade supporting the sleepers 
can change dramatically with track construction and this variation can have greater influence 
on the behaviour of railway sleepers. Shahu et al. [13] indicated that the deflections of the 
rails were most influenced by the sleeper support modulus. Similarly, the sleeper support 
modulus has a significant influence on the load distribution and sleeper deflection [31]. 
However, it is very difficult to determine the quality of the sleeper support modulus as it 
requires a thorough investigation of the trackbed comprising a full assessment of the ballast, 
sub-ballast and formation condition [32]. In railway design, it is usually assumed that the 
ballast, subballast and subgrade are represented by a single element with equivalent 
ballast/subgrade stiffness [29]. To evaluate the effect of the different Us, the behaviour of 
sleepers in a railway turnout was examined under four typical values of sleeper support 
modulus, 10 MPa to 40 MPa as indicated in AS 1085.14 [6] and Jeffs and Tew [9]. 
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In the numerical simulation, the turnout sleepers were modeled as isotropic beams on 
elastic foundation that supports the sleepers continuously along its length. The support 
modulus was varied from 10 to 40 MPa, with increments of 10 MPa. In the Strand7 model, 
the sleeper support modulus was applied as a beam support attribute at the midpoint position 
of the beam. Similarly, the stiffness of the elastic support was set as compression only. This 
type of support enables the sleepers to effectively rest on a support with the specified 
stiffness when the sleepers is pushed onto it but free to move (the support is removed) when 
the beam is pulled away from the support. In order to determine the behavior of turnout 
sleepers, the sleeper support modulus is assumed uniform throughout the entire turnout model 
and is adjusted stepwise for all the investigated elastic moduli of sleepers.  
 
5.3 Modulus of elasticity of the sleeper, Esleeper 
The bending stiffness of the sleepers can significantly influence the response of the railway 
track [33]. For the same cross section of sleeper, the bending stiffness varies according to the 
type of material used which has different moduli of elasticity. When a fibre composite 
railway sleeper is used as a replacement sleeper, it is important that this sleeper has similar 
strength and stiffness characteristics as the existing timber sleepers to avoid uneven 
distribution of loading forces. However, developing a higher bending stiffness for a fibre 
composite sleeper requires significant amount of fibres which could be very expensive as it 
requires more fibres. Thus, the minimum stiffness that would not significantly affect the 
behaviour of railway turnout sleepers could result in an optimum design for fibre composite 
alternatives. Therefore, different sleeper elastic moduli, Esleeper supporting the railway track 
were investigated. Only the lower range of the modulus of elasticity (1 to 10 GPa) were 
considered with the objective of developing a fibre composite railway sleeper to replace 
timber sleepers. This range of Esleeper is reasonable as most of the currently developed fibre 
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composite sleepers are produced with stiffness of not more than 8 GPa [34]. Furthermore, 
Ticoalu [14] indicated that the existing timber turnout sleepers in the Australian railways can 
have an elastic modulus of as low as 7 GPa. 
 
5.4 Spot replacement of timber sleeper  
The interest in replacing timber sleepers in the existing railway track with other materials has 
been stimulated by the increased scarcity of quality timber [35]. Currently, several railway 
infrastructure industries are replacing only the deteriorated sleepers in the railway track (spot 
replacement) to reduce the cost of maintenance. This maintenance practice leads to a situation 
where in the existing timber sleeper track, the replacement sleeper will be of different 
material and possibly different performance characteristics in service. In a study conducted 
by Birks et al. [36], they found out that when steel sleepers are used to replace a deteriorated 
timber sleeper, the steel sleepers was taking a much reduced load compared with the adjacent 
timber sleepers. Higher deflections were also recorded for the steel sleeper showing a lower 
support being supplied to the railway track at the steel sleeper installations. In another study, 
Kohoutek [37] found a variation between the performance of concrete and timber sleepers. 
He concluded that this variation is caused by the different materials of sleepers mixed in the 
track. The differing height of the timber sleeper to that of the concrete resulted in the load not 
spread evenly among the sleepers. When a fibre composite is used as a replacement sleeper, it 
is important that this sleeper closely matches the dimensions and the overall stiffness of the 
existing timber sleepers to minimise the uneven distribution of forces. 
The effect on the behaviour of a railway turnout timber sleeper when the most critical 
sleeper is replaced with a lower Esleeper is investigated. Only the load case where the wheel 
load produces the highest positive bending moment, shear and deflection in the turnout 
sleepers was considered. In the analysis, four higher values of Esleeper for timber sleeper; 10, 
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15, 20 and 25 GPa were considered with the Us kept constant at 20 kPa. These values 
represent the elastic modulus of the existing railway timber turnout sleepers in the Australian 
railway lines [14]. In the numerical simulation, the Esleeper is kept constant throughout the 
railway turnout with only the most critical sleeper replaced with a low Esleeper even though in 
actual, the sleepers in a section of a track are a mixture of sleepers of various ages and with 
different elastic moduli. 
A summary of the design parameters is listed in Table 3. In the table, the All FRP 
sleeper represents the simulation where the all the Esleeper in the turnout is changed from 1 to 
10 GPa with increments of 1 GPa while the Us is varied from 10 to 40 MPa with increments 
of 10 MPa. On the other hand, the Spot replacement represents the simulation where only the 
most critical sleeper in the railway turnout system is replaced with a low Esleeper. 
 
6. Results of the parametric study 
The results of the numerical simulations of the behavior of railway turnout sleepers with 
different combinations of elastic and support moduli are presented here.. 
 
6.1 Influence of train route on sleeper behaviour 
The influence of train route in the magnitude and position of the maximum bending moment 
in a railway turnout sleeper is investigated. The wheel load is passed through the railway 
turnout in both the through (main) and the diverging tracks to determine if there is significant 
difference on the behavior of the railway sleepers in either of the two routes. Fig. 6 shows the 
maximum positive bending moment in sleepers along the through and diverging routes for 
railway sleepers with Esleeper of 10 GPa on Us of 10 MPa. In the figure, Case 1 represents the 
envelope of the maximum bending moment in sleepers when the wheel load is passing 
through the main track while Case 2 is when the train is passing through the diverging track.  
14 
The results of the numerical simulations show that the turnout sleepers are subjected to 
an almost similar magnitude of maximum bending moments for both train routes. This is due 
to the arrangement of rails with respect to the sleeper essentially symmetric when the wheel 
load is placed either in the main or in the diverging tracks. A slightly higher bending moment 
was however observed on the transition sleepers after the wheel load has passed the longest 
sleeper for the diverging route compared to the main route which could be due to the curve 
rails supporting the sleepers. After the longest sleeper, the symmetry of the track is lost, 
implying that the tracks at the main and the diverging routes have different stiffness. In 
general, the difference in the influence of train routes on the behavior of sleepers is relatively 
small for both the main and the diverging routes. Thus, the parametric investigation to 
determine the effects of the different elastic and subgrade moduli on the behavior of turnout 
sleepers was conducted only for the model where the train pass through the diverging tracks. 
 
6.2 Behavior of sleepers with different elastic and support moduli 
The effects of the Esleeper on the behavior of All FRP sleepers are summarized in Table 4. In 
the table, +BM and -BM represent the maximum positive and negative bending moments, 
respectively while +V and -V represent the maximum positive and negative shear in the 
sleepers. Only the behavior of sleepers on Us of 10 and 40 MPa are presented to illustrate the 
effect of the different Esleeper on the bending moment, shear force and vertical deflection.  
a. Bending moments in sleepers 
The plot of the maximum positive and negative bending moments in sleepers due to 3 sets of 
symmetrical wheel load of a train (in Fig. 2) placed onto rails in the diverging route of the 
railway turnout is shown in Figs. 7 to 10. The results of the FE model show that the 
maximum positive bending moment occurred under the rail seat region where each axle is 
placed for both the transition and the turnout sleepers. The magnitude of the positive bending 
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moment is higher for Esleeper = 10 GPa than Esleeper = 1 GPa. The results also show that the 
positive bending moment increases as the wheel load passes the switch but decreases before 
the frog. The lower bending moment at the frog could be due to the high stiffness of the rail 
at this section which increases its load-distributing effect. For all Esleeper and Us considered, 
the maximum positive bending moment occurred in the turnout sleeper located between the 
switch and the frog.  
The maximum negative bending moment can be at the rail centre or at any place along 
the sleeper. The location of the maximum negative bending moment occurred at the rail 
centre for transition sleepers and for turnout sleepers before the wheel load passed the frog. 
Just before passing and after the frog, the maximum negative bending moment in the turnout 
sleepers occurred under the rail seat of the through tracks. This could be due to the presence 
of the continuous rails which acted as fixed supports to the other sleeper ends creating the 
negative bending moment. For lower Esleeper, the load is carried mostly by the stiffer rail and 
not the more flexible sleepers resulting in a lower negative bending moment while the higher 
Esleeper resulted in a higher moment due to the wheel load being carried only by a fewer 
sleepers. It is important to note that in all the simulations conducted, the maximum bending 
stress in the rails did not exceed 215 MPa. This bending stress is within the accepted stress 
levels of 250 MPa or 0.6 times the proof stress of the rail material as recommended by 
AS1085.1 [24]. The maximum negative bending moment in sleeper was again observed at the 
rail seat centre when the wheel load passed through the longest sleeper.  
Fig. 7 shows that the maximum positive bending moment at the transition and turnout 
sleepers for all Us when Esleeper = 1 GPa. The magnitude of the positive bending moment 
increases when the wheel load enters the turnout. When Esleeper = 10 GPa, the positive 
bending moment in the transition sleepers is around 12.1 kN-m for all the investigated Us as 
shown in Fig. 8. The magnitude of the positive bending moments again increases when the 
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wheel load enters the turnout. Similarly, a higher bending moment was observed in lower Us 
than in higher Us. The highest positive bending moment occurred at sleeper 42 for all the 
investigated support moduli. 
Figs. 9 and 10 show that the influence of the support modulus on the sleeper’s 
negative bending moment is similar to that of the positive bending moment. There is an 
increase in the magnitude of the negative bending moment when the elastic modulus of the 
sleeper increases. A higher negative bending moment was also observed for lower Us when 
Esleeper = 1 GPa (Fig. 9). The negative bending moment at the transition sleepers ranges from 
2.54 kN-m to 4.46 kN-m when Esleeper =10 GPa (Fig. 10). The negative bending moment on 
the sleepers increases when the wheel load enters the turnout.  
The numerical analyses show that the maximum bending moment when Esleeper = 1 
GPa is not greatly different from each other for all investigated Us but has a noticeable 
difference when Esleeper = 10 GPa. Moreover, it can be seen that the bending moment in the 
longer turnout sleepers is more sensitive to the changes in the Us than the shorter transition 
sleepers. This finding is similar to that of Namura et al. [38] where they indicated that the 
sleeper length has a great influence on its bending moments. The results further indicated that 
as the sleeper support becomes stiffer there is an increase in the magnitude of the maximum 
bending moment in the sleepers. Obviously, increasing the value of Us leads to an increase in 
the rigidity of the foundation. As a result, the wheel load is distributed only to a fewer 
sleepers increasing the bending moment experienced by sleeper directly under the load. 
 
b. Shear forces in sleepers 
The shear forces are critical for beams subjected to high concentrated loads. In a railway 
turnout, the change in direction of a passing train causes the maximum shear to occur at the 
sleepers. Figs. 11 to 14 show the relationship of the maximum shear force in sleepers resting 
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on different Us due to the applied wheel load on the railway turnout. The results show that the 
magnitude of shear force does not vary significantly with all the investigated support moduli. 
Only a slight increase in the maximum shear force was observed with increasing Us. 
Figs. 11 and 12 show a significant increase in the magnitude of positive shear force 
when the wheel load travels from the transition to turnout sleepers. The highest positive shear 
force calculated in the turnout sleeper has a magnitude of around 155 kN which occurred 
when the wheel load, R1 is seating on sleeper 13. The magnitude of the maximum shear force 
decreases as the wheel load travels between the switch and the frog. However, an increase in 
the maximum shear force was again recorded in sleeper 76 just after the wheel load passed 
the frog. It is important to note that the highest positive shear force in sleepers 13 and 76 
occurs in the region between the through and divergent tracks. The magnitude of this shear 
force is up to 2.5 times higher than the transition sleepers. This high magnitude of shear force 
at the switch and the frog can be attributed at the flangeway opening which causes high shear 
forces in the sleepers. In this location, the train wheel has to “jump” on the flangeway 
opening which subjected the sleepers to the high, concentrated wheel forces. After the wheel 
load has passed through the sleeper at the frog, the magnitude of the shear force decreases as 
it enters through the divergent tracks. 
Figs. 13 and 14 show that there is no significant difference on the magnitude of the 
highest negative shear force in all the investigated Us. After passing the switch, an increasing 
magnitude of maximum shear force was observed in the turnout sleepers. In both Esleeper = 1 
GPa and 10 GPa, the maximum negative shear force occurred at sleeper 68. Fig. 13 indicates 
that the maximum negative shear at the transition sleepers is around 53 kN while in the 
turnout sleepers is around 94 kN when Esleeper = 1 GPa. The higher Esleeper resulted in the 
wheel load distributed to only a few sleepers generating a higher shear force to the supporting 
sleepers. The maximum negative shear at the transition sleepers is around 59 kN while the 
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maximum negative force in the turnout sleepers is around 130 kN when Esleeper = 10 GPa (Fig. 
14). This high magnitude of negative shear force in the sleeper occurs at the sleeper region 
between the inner rails of the through and the divergent tracks. A decreasing magnitude of the 
negative shear force was then observed after the wheel load has passed the frog to a 
magnitude similar to that of transition sleepers before the wheel load enters the turnout.  
 
c. Vertical deflection of sleepers 
Figs. 15 and 16 present the vertical deflection of sleepers for all Us considered when Esleeper = 
1 GPa and 10 GPa, respectively. The FEM results show that the maximum settlements of the 
sleepers occurred under the rail seats when the wheel load, R1 is placed directly over the 
sleeper. It can be seen clearly from the figures that the vertical deflection of sleepers 
decreases as the support modulus increases. The lower settlement of sleepers between the 
switch and the frog is due to the presence of rails between the rail seats which prevented the 
settlement of the sleepers. However, the effect of the rails decreases as the length of the 
sleeper increases as seen by the high vertical deflection of the longer sleepers. For both 
Esleeper = 1 GPa and 10 GPa, there is a considerable vertical deflection of sleepers resting on 
Us = 10 MPa but decrease significantly for Us = 20 MPa or higher.  
The vertical settlement of sleeper decreases as the wheel load enters the switch but 
increases again after the switch. In general, an increasing deflection was observed as the 
length of the sleeper increases with low deflection in the sleepers between the switch and the 
frog. The lower settlement of sleepers in this location could be due to the presence of a rail 
between the rail seats which acted as a support to lessen the settlement of the sleepers. After 
the frog, the vertical settlement increased again as the sleepers behaved more like a cantilever 
beam with the rails on the through tracks acting as supports. Figs. 17 and 18 show the scaled 
up deflected shape of a turnout sleeper when the wheel load is placed after the frog and 
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before the longest sleeper. As can be seen from the figures, the maximum vertical deflection 
in sleeper occurred under the rail seat. The results of the FEM analysis also show that the 
settlement of the sleepers into the ballast is slightly higher under the outer rail seat than under 
the inner rail seat after the wheel load has passed the frog. This is due to asymmetric loading 
on longer sleepers when the wheel load is passing through the divergent tracks while the 
other sleeper end tends to lift due to the elastic foundation. However, this upward deflection 
on the other end of the sleeper is restricted by the continuous rails on the main tracks. For 
Esleeper = 1 GPa, the sleeper ends where the wheel load is placed deflected to its maximum 
while the other end deflected very minimally as the stiff rails in the main tracks are 
preventing the more flexible sleepers (Fig. 17). For Esleeper = 10 GPa, the maximum deflection 
is again observed in the sleeper ends where the wheel load is placed (Fig. 18). Due to the 
higher stiffness of the sleepers, the rails could not totally prevent the other sleeper end to 
deflect upward. Similarly, the combination of the rails and the higher stiffer sleepers resulted 
to a lesser deflection for Esleeper = 10 GPa compared to that of Esleeper = 1 GPa. 
 
6.5 Behavior of turnout sleepers with a spot replacement sleeper 
The most critical sleepers, sleepers 42 and 68 were assigned with a low value of Esleeper while 
keeping the Esleeper of the other sleepers the same to simulate a railway turnout system with a 
spot replacement sleeper. In the analysis, the 10 sleepers before and after sleepers 42 and 68 
were included. The distribution of maximum bending moment, shear and vertical deflection 
among the sleepers in the railway turnout with a spot replacement sleeper are shown in Figs. 
19 to 21, respectively. In these figures, All_4, All_10, All_15, All_20, and All_25 represent 
the railway track supported by turnout sleepers with the same Esleeper while the railway track 
with the most critical sleeper replaced by a fibre composite sleeper with an Esleeper = 4 GPa 
are designated as 4_10, 4_15, 4_20, and 4_25. The railway turnout supported by Esleeper = 10 
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GPa with the most critical sleeper replaced by a very flexible or a damaged sleeper (elastic 
modulus of only 1 MPa) is included for comparison and is designated as 0_10. 
The results of the analyses show that the behaviour of railway turnout sleepers with the 
same Esleeper is almost identical. This is similar to results of the investigation by Ticoalu [14] 
wherein she found no significant difference in the maximum bending moment, shear and 
vertical deflection for railway turnout sleepers with an Esleeper = 10 GPa or higher and are 
resting on a subgrade of 20 to 40 MPa. However, it can be seen from the figures that 
replacing sleepers 42 and 68 with an Esleeper = 4 GPa has a large influence on the behaviour of 
a group of turnout sleepers. In Fig. 19, the results show that the sleeper directly under the rail 
seat load R1 has the highest bending moment. In a railway turnout supported by sleepers with 
the same Esleeper, the magnitude of bending moment in sleeper 42 is around 18 kN-m while in 
its adjacent sleepers is around 12 kN-m. Similarly, the magnitude of the bending moment in 
sleeper 42 for turnout with Esleeper of 10 to 25 GPa is only 20% higher to the bending moment 
experienced in All_4. 
Replacing sleeper 42 with an Esleeper = 4 GPa leads to a lowering overall stiffness of 
the railway track and therefore a reduction in the bending moment starts to occur in the 
sleeper just below the load. As indicated in Fig. 19, a reduction in the magnitude of bending 
moment of almost 30% was observed for sleeper 42 compared to a railway turnout not mixed 
with a lower Esleeper even though R1 is directly over this particular sleeper. This reduction in 
the bending moment in sleeper 42 is however distributed to the neighbouring sleepers as seen 
by the increase in the bending moment of sleepers 41 and 43. For all the investigated Esleeper, 
there is no significant difference in the bending moment in the spot replacement sleeper but 
the increase in the bending moment in the adjacent sleepers can go as high as 20% for higher 
Esleeper.  On the average, the bending moment in the adjacent sleepers is 22% higher than that 
of sleeper 42. This result shows that a fibre composites sleeper is more effective than steel for 
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a spot replacement sleeper. Birks et al. [36] indicated that a steel sleeper situated immediately 
below the wheel load carries an almost 38% lower bending moment compared to the adjacent 
timber railway sleepers. 
The increase in the bending moment in the adjacent sleepers in 4_10, 4_15, 4_20, and 
4_25 is significantly less compared to that of the adjacent sleepers when the spot replacement 
sleeper has a very low Esleeper value. Similarly, the increase in the bending moment in the 
adjacent sleepers in 0_10 compared to the railway turnout not mixed with a low stiffness 
sleeper is around 45%. This is almost similar to the observations by Zhang et al. [39] when 
they examined the response of a railway track with unsupported sleepers. In their numerical 
investigation, they represented the unsupported sleeper with a zero value for elastic modulus. 
The results of their investigation showed that the calculated bending moment in the 
neighbouring sleepers when the train passes over an unsupported sleeper is almost 40% 
higher compared with under normal condition. Furthermore, the maximum bending moment 
in the sleepers 41 and 43 for 0_10 is slightly higher than that of sleeper 42 in the normal 
railway track. This should not be the case especially when the sleeper is designed based on 
the maximum bending moment acting on the sleepers for a track with a constant elastic 
modulus. This increase amount of bending moment taken by the adjacent sleepers might 
result in its early in-service failure. Interestingly, the bending moment experience by the spot 
replacement sleeper is higher than the bending moment in All_4 suggesting a better 
distribution of load among the sleepers. Thus, it can be said that the fibre composite sleepers 
can be used not only for spot replacement of deteriorated timber sleepers but also in the total 
replacement of sleepers in railway turnout. 
Fig. 20 shows that sleeper 68 has the highest shear force when R1 is directly over this 
sleeper. For a railway turnout without a spot replacement sleeper, the magnitude of shear 
force in sleeper 68 is at 140 kN, which is almost 50% higher than that of the adjacent 
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sleepers. Considering the load is directly over sleeper 68, the shear force at the sleepers 67 
and 69 are almost same. When sleeper 68 is replaced with Esleeper = 4 GPa, the shear force in 
sleeper 68 decreases to around 95 kN while in the adjacent sleepers increases to 85 kN. This 
represents an over 30% decrease in shear force in the spot replacement sleeper but only a 
20% decrease in the adjacent sleepers with the shear force among sleepers 67 to 69 differ by 
only 10%. A slight increase in shear force was also observed in the neighbouring sleepers. In 
the evaluation of Kohoutek [37] between the performance of a railway track with mixed 
timber and concrete sleepers, he found out that the distribution is 30% to timber and 35% to 
the adjacent concrete sleepers when the load is over the timber sleeper but over 60% for 
concrete sleeper when the load is directly over the concrete sleeper. This result again showed 
that a fibre composite sleeper distributes the load more efficiently to the adjacent sleepers 
than a concrete sleeper. 
In Fig. 25, the results show that replacing sleeper 68 with an Esleeper = 4 GPa did not 
significantly change the maximum deflection in the turnout sleepers compared to that of a 
railway turnout with the same Esleeper. The magnitude of vertical deflection in sleeper 68 is 
well under 6 mm for all the considered Esleeper. On the other hand, replacing sleeper 68 with a 
very low Esleeper would result in an almost 35% increase in the deflection of the adjacent 
sleepers. This is almost similar to the results obtained by Lundqvist and Dahlberg [40] 
wherein they found that the vertical displacement of sleepers adjacent to an unsupported 
sleeper increase by 40%. In the earlier studies by Birks et al. [36], they have observed a 
deflection of 9 mm for the inserted steel sleeper compared to only 5 mm for timber when not 
mixed with a steel sleeper. These results further show that a fibre composites sleeper is a 
more effective spot replacement sleeper for timber turnout sleeper than steel and concrete. 
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7. Discussion 
The effects of the different Esleeper and varying Us on the behaviour of sleepers in a railway 
turnout are discussed in this section. An evaluation was also conducted to determine if the 
behaviour of sleepers using the practical range of values for various track parameters satisfies 
the technical requirements for turnout application. 
 
7.1 Effect of elastic and support moduli on bending moment 
In the range of the studied Esleeper and Us, the highest bending moments in sleepers took place 
when a train is passing through a turnout. The highest positive moments occurred when load, 
R1 is directly on sleeper 42 while the maximum negative bending moment occurred when the 
load is on sleeper 52. Fig. 22 shows that the maximum positive bending moment in the 
sleeper occurred under the rail seat region where the axle is placed while Fig. 23 shows that 
the maximum negative bending moment occurred between them. 
The relationship between the maximum bending moments in turnout sleepers and the 
Esleeper for the different Us considered is shown in Fig. 24. The magnitude of the positive and 
the negative bending moments increases with increasing Esleeper but decreases with increasing 
Us. The results show that the increase in Esleeper from 1 GPa to 10 GPa has resulted in almost 
75% increase in the maximum bending moment, whilst a change in Us from 10 MPa to 40 
MPa reduces the maximum bending moment by 15%. Furthermore, the influence by the 
changes in the Us is less in lower Esleeper than in higher Esleeper. The higher bending moment 
on sleepers with higher Esleeper is due to the greater stiffness of the railway track resulting in a 
fewer sleepers sharing the load. Compared to transition sleepers, the increase in the 
magnitude of the bending moment in the turnout sleepers is around 20% for lower Esleeper but 
is in the order of 40-55% for higher Esleeper. Another area of interest is the redistribution of the 
load throughout the sleeper system due to the increasing Us as shown by a decreasing 
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difference in the maximum bending moment in sleepers. This is more obvious when Esleeper is 
4 GPa or higher wherein there is no significant difference on the magnitude of the bending 
moment in sleepers for higher values of Us. Similar results were obtained for spot 
replacement sleeper wherein the distribution of bending moment among the group of sleepers 
is similar for Esleeper of 4 GPa or higher. On the basis of the simulations performed, the fibre 
composite sleeper should resist minimum positive and negative bending moments of 19 kN-
m and 8 kN-m, respectively. 
 
7.2 Effect of elastic and support moduli on shear force 
Fig. 25 shows the maximum shear forces in railway turnout sleepers with different Esleeper and 
Us. In Fig. 25a, it can be seen that the positive shear force in the turnout sleepers increases 
with increasing Esleeper but became almost constant when Esleeper is higher than 4 GPa for all 
the Us considered except when Us = 10 MPa wherein a decrease in shear force was observed 
for Esleeper higher than 3 GPa. On the other hand, Fig. 25b shows that the maximum shear 
force increases with increasing Esleeper. Overall, there is no significant difference in the value 
of highest shear force in the different Esleeper and Us considered. The increase in Esleeper from 1 
GPa to 10 GPa has resulted in only 3% increase in the positive shear force and the increase in 
Us from 10 MPa to 40 MPa resulted in only 1.6% increase while the increase in Esleeper from 1 
to 10 GPa has increased the magnitude of the negative shear force by almost 40%. The high 
magnitude of the shear force for higher Esleeper than lower Esleeper on higher Us is due to the 
stiffer track modulus which results in the load distributed only to a fewer sleepers, thus a 
higher force carried by the sleeper directly under the load. Noticeably, the highest shear force 
occurred on sleeper located just after the switch and the crossing. In these locations, shear 
gets very high in turnout sleeper as the rails are close together as shown in Figs. 26 and 27. 
When the wheel load is placed on the diverging track, a lot of the load on one rail is carried 
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by the adjacent rail. The magnitude of this shear force is almost 2.5 times higher than that of 
the transition sleepers. This further confirms that the shear force is critical in turnout sleepers. 
More importantly, the results suggest that the sleepers for railway turnout application should 
be designed with a higher shear capacity than the mainline sleepers. The railway turnout 
should carry a minimum shear force of 158 kN. The result of the numerical simulation also 
provided information on the location of the maximum shear force along the sleeper lengths. 
This information is very helpful in determining where the bulk of the fibre composite 
materials should be placed in a turnout sleeper section for a more cost effective design. 
 
7.3 Effect of elastic and support moduli on deflection and sleeper/ballast pressure 
Fig. 28 shows the maximum vertical deflection and the ballast/sleeper pressure of railway 
turnout sleepers with Esleeper and Us. In Fig. 28b, the contact pressure between the sleeper and 
the ballast is calculated by multiplying the Us and the deflection divided by the width of the 
sleeper with the compressive stresses that the sleepers exert on the ballast bed are considered 
evenly distributed. 
The analyses show that the Us has a significant influence on the vertical deflection 
and the sleeper/ballast pressure. It is clearly observed that the vertical displacement of sleeper 
decreases with increasing Esleeper and Us. The lower the Us, the more likely the sleeper will 
deflect and settle into the ballast while a more uniform settlement occurs at higher Us. This 
also means that sleepers with higher Esleeper provided more stability in railway tracks. On the 
other hand, the change of the Us from 10 to 40 MPa increases the pressure between the 
sleeper and the ballast. This is because the Us tries to isolate the individual sleepers in the 
turnout resulting in a higher load carried by the sleeper directly under the load. Thus, it can 
be concluded that a better distribution of the wheels load on the group of sleepers can be 
attained for lower Esleeper but this will result in higher sleeper deflection. 
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Fig. 28a shows that the increase in the Esleeper from 1 to 10 GPa resulted in a decrease 
in the vertical deflection of the sleepers by 23-36% for the different Us considered. However, 
the results also suggest that varying the Esleeper from 4 GPa to 10 GPa does not make a major 
difference in deflection particularly for higher Us. Similarly, the increase in Us from 10 to 40 
MPa decrease the vertical deflection of the sleepers by at least 60%. In Fig. 24b, it can be 
seen that increasing the Esleeper from 1 to 10 GPa results in 23-36% decrease in the sleeper 
ballast pressure. On the other hand, the increase in support modulus from 10 MPa to 40 MPa 
resulted in an increase in the sleeper/ballast pressure by as much as 35%.  The same 
magnitude of increase in the sleeper/ballast pressure was observed by Shahu et al. [13] in 
their laboratory model test railway track when the Us increased from 10 MPa to 50 MPa. This 
suggests that the grillage beam analogy to model the entire turnout system is reasonable to 
use as they are producing meaningful results.  
The sleeper deflection under the rail is the main criterior in a railway track analysis 
[41]. For railway track in Australia, the maximum static deflection in a railway structure on 
ballasted track should be around 6.35 mm to give requisite combination for flexibility and 
stiffness [9]. The results indicated that except for Us = 10 MPa and sleepers with Esleeper of 
lower than 4 GPa, the calculated vertical deflection in all the combinations used is within the 
recommended value. An Esleeper = 4 GPa is also needed for a spot replacement sleeper for 
the timber sleeper turnout track to not exceed the maximum allowable vertical deflection. 
This result further suggests that a fibre composite turnout sleeper at 60 kg/m rail and 600 mm 
spacing should be supported by a foundation with as Us of at least 20 MPa or a subgrade of at 
least good subsoil. Furthermore, the recommended maximum allowable contact pressure 
between the sleeper and the ballast of 750 kPa can only be satisfied using a turnout sleeper 
with an elastic modulus of at least 3 GPa. This stiffness characteristics can be easily achieved 
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using fibre composite materials which require less material to achieve similar performance 
resulting in a more competitive sleeper material. 
 
8. Conclusion 
A simplified three dimensional grillage beam model was used to investigate the behaviour of 
turnout sleepers with different moduli of elasticity resting on different support moduli. 
Turnout sleepers with modulus of elasticity from 1 to 10 GPa for all fibre composites and 10, 
15, 20 and 25 GPa for spot replacement and support modulus of 10 to 40 MPa were 
considered. The maximum bending moment, shear force and displacement occurred in a 
sleeper when the wheel load is directly above that sleeper. In all the scenarios investigated, 
the behaviour of sleepers in railway turnout is most critical between the switch and the frog. 
The highest bending moment, shear and deflection are produced in this region. Compared to 
that of the transition sleepers, the magnitude of the bending moment and shear force in 
turnout sleepers is almost 180% and 250% higher, respectively. 
The analyses showed that the changes in the modulus of elasticity and the 
ballast/subgrade stiffness have a significant influence on the behaviour of railway turnout 
sleepers. The bending moment in turnout sleeper is less affected by the changes in support 
modulus but affected significantly by the changes in modulus of elasticity of sleeper. 
Increasing the support modulus from 10 to 40 MPa resulted in only 15% reduction in the 
bending moment while the increase in sleeper stiffness from 1 GPa to 10 GPa has resulted in 
almost 75% increase in the maximum bending moment. The results also indicated that shear 
force in sleepers is not sensitive both to the changes of the modulus of elasticity and sleeper 
support modulus. Similarly, sleeper with lower modulus in elasticity and support modulus 
tend to undergo greater settlement into the ballast. 
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The results of the FEM analyses provided a basis for an optimum design of fibre 
composite turnout sleeper alternative. The results suggest that there is no significant 
difference in the behaviour of sleepers with elastic modulus of 4 to 10 GPa. On the basis of 
the simulations performed, the fibre composite turnout sleeper should be designed to carry 
minimum positive and negative bending moments of 19 kN-m and 8 kN-m, respectively and 
a shear force of 159 kN under normal service conditions. Most importantly, it was found that 
a modulus of elasticity for the development of a fibre composite sleeper alternative can be as 
low as 4 GPa provided that the support modulus is at least 20 MPa at 600 mm spacing from 
the consideration of sleeper/ballast pressure and the requirement for stable track for a 
maximum total vertical deflection. A spot replacement timber sleeper with this elastic 
modulus value is also more effective than steel and concrete. Furthermore, the numerical 
investigation provided information on the location and magnitude of maximum bending 
moment and shear along the turnout sleeper length which could be very useful in the design 
and manufacturing of a more cost-effective turnout sleeper. 
The results of the numerical simulation suggest that the grillage beam analogy to 
model the entire turnout system is reasonable as they are producing results comparable to the 
complex analysis of other researchers. Therefore, the outcome of this study should be taken 
as a preliminary result, and a more thorough analysis including other railway turnout 
geometry and load conditions should be considered. The proposed numerical model for  the 
analysis of the behaviour railway turnout sleeper also needs further calibration and 
verification using field-measured data. 
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Fig. 1 Schematic diagram of turnout railway sleeper 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Axle load configuration 
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Fig.3 Geometry of a 1:16 standard right-hand railway turnout 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4 The grillage beam model for 1:16 standard right-hand railway turnout 
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Fig. 5 Details of the turnout sleeper model 
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Fig. 6 Maximum bending moments on sleepers when Esleeper = 10 GPa and Us = 10 MPa 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 Maximum positive bending moment of sleeper when Esleeper = 1 GPa 
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Fig. 8 Maximum positive bending moment of sleeper when Esleeper = 10 GPa 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9 Maximum negative bending moment of sleeper when Esleeper = 1 GPa 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10 Maximum negative bending moment of sleeper when Esleeper = 10 GPa 
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Fig. 11 Maximum shear on sleeper when Esleeper = 1 GPa 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 12 Maximum positive shear on sleeper when Esleeper = 10 GPa 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 13 Maximum negative shear on sleeper when Esleeper = 1 GPa 
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Fig. 14 Maximum negative shear on sleeper when Esleeper = 10 GPa 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 15 Maximum deflection of sleeper when Esleeper = 1 GPa 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 16 Maximum deflection of sleeper when Esleeper = 10 GPa 
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Fig. 17 Deflection of turnout railway sleepers when Esleeper = 1 GPa and Us = 10 MPa 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 18 Deflection of turnout railway sleepers when Esleeper = 10 GPa and Us = 10 MPa 
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Fig. 19 Maximum bending moment in sleepers 32 to 52 
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Fig. 20 Maximum shear in sleepers 58 to 78 
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Fig. 21 Maximum vertical deflection in sleepers 58 to 78 
 
 
Fig. 22 Bending moment in sleeper 42 
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Fig. 23 Bending moment in sleeper 52 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a. positive bending moment    b. negative bending moment 
Fig. 24 Maximum bending moment in railway turnout sleepers 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a. positive shear    b. negative shear 
Fig. 25 Maximum shear forces in railway turnout sleepers 
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Fig. 26 Shear force envelope in sleeper at the switch 
 
Fig. 27 Shear force envelope in sleeper at the crossing 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
a. Vertical deflection    b. sleeper/ballast pressure 
Fig. 28 Vertical deflection and sleeper/ballast pressure 
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Table1. Details of the components of the track structure 
Component Description 
Rail section 60 kg/m 
Rail gage (G) 1067 mm 
Distance between rail centres (g) 1137 mm 
Sleeper spacing 600 mm 
Axle load 25 tonnes 
Combined vertical load factor (j) 2.5 
Sleeper support modulus (Us) 10 - 40 MPa 
Allowable ballast pressure 750 kPa 
Stiffness of rails 200 GPa 
 
 
Table 2. Section properties of the 60 kg/m steel rail [24] 
Component Exact Approximate 
Total area, mm
2
 7.725 x 10
3
 7.276 x 10
3
 
Second moment of inertia (Ix-x), mm
4
 29.3 x 10
6
 29.4 x 10
6
 
Second moment of inertia (Iy-y), mm
4
 4.90 x 10
6
 5.85 x 10
6
 
Section modulus head, mm
3
 322.4 x 10
3
 325.9 x 10
3
 
Section modulus foot, mm
3
 369.3 x 10
3
 368.7 x 10
3
 
 
 
Table 3. Design parameters for turnout sleeper system 
Description Esleeper, GPa Us, MPa 
All FRP sleepers 1 - 10 10 - 40 
Spot replacement 10, 15, 20 and 25 20 
 
 
Table 4. Behaviour of sleepers with different Esleeper and Us 
Us (MPa) 10 40 
Types of sleeper Transition Turnout Transition Turnout 
Esleeper (GPa) 1 10 1 10 1 10 1 10 
+BM (kN-m) 9.1  12.4 10.6 18.6 7.6 12.1 9.4 16.1 
-BM (kN-m) 3.9 2.5 4.7 5.7 2.7 4.4 3.1 7.5 
+V (kN) 55.4 56.5 155.1 155.0 53.3 59.6 152.8 157.6 
-V (kN) 54.1 54.8 94.3 129.8 53.1 59.3 93.9 130.4 
Deflection (mm) 11.6 9.1 12.9 9.9 4.5 2.9 5.1 3.3 
 
 
